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ABSTRACT  Contractility in fibers can arise from changes of macromolecular 
conformation caused by changes in some thermodynamic variable such as tem- 
perature,  pH,  or solvent  composition.  Illustrations  are  given  of contractile 
processes in fibers  and of changes in macromolecular conformation in dilute 
solution.  These  may involve order-disorder  transitions,  e.g.  of the  type ex- 
hibited by the helix-coil  transition. A  statistical mechanical treatment of the 
helix-coil  transition involves  the  assignment of statistical weights to  various 
states and the proper counting of these statistical weights in the formation and 
evaluation of the partition function; the thermodynamic properties of the sys- 
tem are derivable from the partition function. The counting procedure involved 
in the consideration of the s-helix and random coil is described.  In addition, 
the factors affecting the relative stabilities  of various helical conformations are 
discussed.  These  considerations  of macromolecular  conformation provide  a 
basis for discussing  contractile mechanisms in which changes of conformation 
are involved. 
In general, contractility can be observed in a  fiber which consists of macro- 
molecules preferentially oriented along the fiber axis  (1-3).  Such a  fiber will 
undergo  dimensional changes  (or  changes  in  tension  at constant length)  if 
its constituent macromolecules undergo  changes  in  conformation. While it 
may be conceivable that other mechanisms can lead to a  contractile process, 
certainly the  general phenomenon,  in which contractility is  a  direct result 
of a  conformational change in a  preferentially oriented system, is well estab- 
lished. Therefore, in a  conference on contractility, it is appropriate to exam- 
ine  the  coupling between  contractility and  conformational change,  and  to 
discuss the factors affecting the conformations of macromolecules. 
In  the  case  of an  axially oriented  fiber,  a  change  in  dimensions can be 
brought about by changes in the free energy of the system caused by altera- 
tion of some thermodynamic variable  such  as  temperature,  pH,  or  solvent 
composition.  As  an  example,  consider  a  collagen fiber  immersed  in  water 
above its melting point. Fig. 1 is a series of photographs (4)  showing not only 
the shrinkage of the fiber from an extended to a  contracted state,  but  also 
the  appearance  and  coalescence of thickened melted  regions.  The melting 
process  can be carried out under carefully controlled conditions to demon- 
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strate,  in favorable cases,  that the process  is reversible,  and  to obtain meas- 
urements of the dimensional changes accompanying melting.  Fig. 2 shows the 
effect of temperature on the length of a  formaldehyde-tanned rat tail tendon 
under  a  constant small load  (3).  The  important point  to  notice  is  the  rela- 
FIOURE  1.  A series of photographs  of a  collagen  fiber immersed  in water above its 
melting point.  At the left is the partially crystalline fiber; at the right,  the completely 
amorphous one. As the fiber shrinks, the amorphous regions grow in size and coalesce. 
Figure reprinted  from thesis of Spurr (4). 
tively negligible change in length up to temperatures in the vicinity of 70°C, 
and then the relatively large change in length over a  very  narrow  temperature 
range, followed again by a  negligibly small change in length as the tempera- 
ture  is  increased.  The  phenomenon  shown  in  Fig.  2  has  come  to  be  recog- 
nized  as an indication of a  melting process,  or change of phase,  in  the fiber 
which  is  made  up  of preferentially  oriented  crystalline  or  partially  crystal- 
line material. 
Besides illustrating the phenomenon of contractility, Figs.  1 and 2  provide HAROLD A. SCHERAGA  Contractility and Conformation 
some of the  evidence  (5)  for  the  statement  that  these  dimensional  changes 
occur  as  a  result  of changes  in  the  conformation  of the  macromolecules  of 
which the fiber is composed,  i.e.  that  a  phase  transition  from an  ordered  to 
a disordered state occurs on the molecular level, and this conformation change 
manifests itself in changes in the dimensions of the fiber. The fact that changes 
in  the  conformations  of preferentially  oriented  macromolecules  can  lead  to 
contraction  is a  general  phenomenon  (1-5).  While the system in Figs.  1 and 
2 was a  protein,  collagen,  one need not be restricted to collagen or to a  pro- 
tein  to observe contractility.  The  important  requirements  are  that  the  fiber 
be made  up  of macromolecules,  that  they  be  preferentially  oriented  along 
the fiber axis  (so that  the conformational  change on the molecular level can 
be transformed  into  a  macroscopic dimensional  change),  and  that  the mac- 
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FIGURE 2.  Length as a function of tempera- 
ture  for  a  formaldehyde-tanned  rat  tail 
tendon under  a  constant small load.  Figure 
reprinted by permission from The Journal of Cellu- 
lar and Comparative Physiology, 1957, 49 (Suppl. 
1) :175. 
romolecules be cross-linked  (so that  the fiber can reattain  its original dimen- 
sions when  the  change  in  conformation  is  reversed)  (5).  The  nature  of the 
macromolecule  (i.e.  whether  it  is  natural  or  synthetic,  a  polynucleotide  or 
polypeptide,  etc.)  is  immaterial  as long  as it meets  the  other  requirements, 
viz.  that  it  can  be drawn  into  a  (partially)  crystalline  fiber  which  can  be 
axially oriented  and  cross-linked. 
While  any  macromolecule  can  serve  our  purposes,  it  is  natural  to  focus 
attention  on the proteins since many naturally  occurring  contractile  systems 
contain  proteins.  This  is not to say that  all  contractile  systems contain  pro- 
tein or that  all contractile mechanisms  involve conformational  changes.  Our 
discussion  of proteins  serves  merely  as  a  useful  illustration  of the  relation 
between  conformation  and  contractility.  At  the  same  time,  it  provides  a 
rational  physicochemical  basis  for  understanding  how  both  dimensional 
changes and changes in tension occur in a fiber as a  result of a  change in the 
free energy of the system. 
Even  with  this  restriction  to  proteins,  or  polypeptides,  to  illustrate  the 
transition  from an ordered to a  disordered state, we still have at our disposal CONTRACTILE  PROCESSES  IN  MACROMOLECULES 
a  variety of ordered and disordered forms. Therefore,  again only for illustra- 
tive purposes,  we will  consider  the  ordered  form  to  consist of preferentially 
oriented  a-helices and  the disordered form to consist of random  coils.  Thus, 
the  changes  in  conformation  which we will  discuss  are  the  transitions  from 
helix  to coil  and  vice versa.  The  projection  of the length  of an  oriented  a- 
helix along the fiber axis is greater  than  that of the random coil  (6). Hence, 
melting,  i.e.  a  conversion  of helix  to  coil,  leads  to  shrinkage  of the  fiber; 
crystallization,  i.e.  a  conversion  from coil  to  helix,  leads  to a  lengthening  of 
the fiber. Alternatively,  if the fiber is maintained  at fixed length,  then  melt- 
ing  will  be accompanied  by an  increase  in  tension.  Thus,  a  change  in  any 
thermodynamic  variable  which  leads  to  a  conversion  from  helix  to  coil  or 
vice versa will lead to shrinkage or extension of the fiber. If we wish to under- 
stand  the  statistical  mechanics  and  thermodynamics  of  such  contractile 
processes in fibers, we must first understand  them for conformational changes 
in macromolecules.  Specifically, we must first understand  how temperature, 
pH,  solvent composition, etc.,  affect the helix-coil equilibrium,  because these 
same variables will enter into the thermodynamic  equations for the contrac- 
tile process in  the fiber.  The only difference in  the description  of conforma- 
tional  changes in macromolecules and  dimensional  changes in fibers is  that, 
for the latter case, one explicitly includes the variables force and length in the 
thermodynamic  equations.  However,  whether  we  are  considering  the  con- 
formational  change  in  the macromolecule or the dimensional  change  in  the 
fiber,  the  important  point  to  remember  is  that  the  independent  thermody- 
namic  variables,  such  as  temperature,  pH,  and  solvent  composition,  are 
altered  to  change  the  chemical  potentials  of the  helix  and  coil,  thereby  in- 
ducing  a  transformation  from  one form  to  the  other.  Our  whole discussion 
is thus focused on the thermodynamics  of the helix-coil equilibrium,  and  on 
the relative stability of various helical forms of polypeptides. 
The helix-coil equilibrium is a  delicately balanced one (7) in the following 
sense.  Compared  to  the  coil,  the  helix  is  a  form  of relatively  low  energy 
because  of specific  interactions  such  as  the  NH...  OC  hydrogen bonds be- 
tween  particular  amide  groups  of the  backbone chain.  On  the  other  hand, 
even though  the random  coil is in a  higher  energy state than  the helix,  and 
therefore less favored from an  energetic  point of view,  it is favored from an 
entropy  point  of view because it is  an  assembly of many conformations.  Of 
course, as with all equilibria at constant temperature and pressure, the deter- 
mining  factor is the free energy,  which represents  a  balance between energy 
and  entropy, and the free energy can be changed to shift  the  equilibrium  in 
either direction  by changes in such variables as temperature,  pH,  or solvent 
composition. 
It is thus of interest to show how the transformation  from helix to coil, and 
vice versa,  can be brought about by changes in these variables.  One usually HAROLD A. SCIIERAOA  Contractility and Conformation 
follows these changes in conformation by means of a  variety of optical prop- 
erties,  e.g.  optical rotatory dispersion.  The optical rotatory dispersion of the 
helix is different from that  of the random  coil. Thus,  it is relatively easy for 
the  experimentalist  to  observe  the  change  from  the  helical  to  the  coil con- 
formation. 
Considering the usual variables at our disposal, let us examine first the effect 
of temperature  in  the melting  of the helix  to  the  random  coil form.  Fig.  3 
shows data obtained by Zimm, Doty, and Iso (8) for the effect of temperature 
on poly-7-benzyl-T.-glutamate  in a  mixed solvent,  an appropriate  mixture  of 
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FIouRE 3.  Theoretical curves for 0, the fraction of helical residues, and experimental 
results for  optical  rotation,  [O~]D  ,  as  a  function  of temperature  for poly-7-benzyl-L- 
glutamate  samples, of various  degrees of polymerization  n,  in  ethylene  dichloride- 
dichloroacetic acid mixtures. To is the temperature  of the midpoint of the transition for 
the sample of highest molecular weight. Figure reprinted by permission from Proceedings of the 
National Academy of Sciences, 1959, 45:1601. 
dichloroacetic acid and ethylene dichloride. Because of specific solvent effects, 
which need not concern us here,  an inverted transition  occurs in this system; 
i.e. heating causes helix formation rather than melting.  Nevertheless, we may 
still  examine  the  effect of temperature  on  the helix-coil  equilibrium.  Fig.  3 
shows  the  values  of the  specific  rotation,  [~]D,  at  the  sodium  D-line  as  a 
function of temperature, relative to the melting point of the polymer of longest 
chain length.  These changes in [a], have come to be associated with changes 
in conformation from helical  to random  coil form,  and vice versa.  As in the 
case of collagen  fibers  (Fig.  2),  there  is  the  same  characteristic  feature  of a 
large change in,  in this case,  laid  over a  relatively small temperature range, 
at least for the largest chain length.  However, the curves in Fig.  3 are not as 
steep as that  of Fig.  2.  In  the language  used to describe phase changes,  one 
regards the transition  of Fig. 2 as a more highly cooperative one than those of IO  CONTRACTILE  PROCESSES  IN  MACROMOLECULE$ 
Fig. 3. The reasons for this, and for the dependence of the slopes of the curves 
of Fig. 3 on molecular weight, are quite well understood (9). 
Fig. 3  is  only one example of a  large  amount of data on  the melting of 
ordered structures in polypeptide and polynucleotide systems, and it is under- 
standable why temperature is so often the variable of choice to effect melting. 
First of all,  it is easy to control temperature, and rate of heating or cooling, 
and  to bring about melting or crystallization in its simplest sense. A  second 
reason why temperature is usually the variable of choice is that,  in contrast, 
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FIGURE 4.  Comparison  of pH 
dependence of specific rotation 
of  poly-L-glutamic  acid  and 
poly-L-lysine.  Both  polymers 
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say,  to  a  change in  pH  or  solvent composition,  it  is  not  necessary to  add 
another component to the system. Even though the thermodynamics of multi- 
component systems can be treated, the theory is much simpler the fewer the 
number of components; this difficulty is avoided by using temperature to bring 
about a  phase change. 
However, a biological system is one that is remarkably constant in tempera- 
ture.  Thus,  to  bring  about  conformational changes  in  a  biological  system, 
temperature is not a suitable variable.  Instead, one must resort to changes in, 
say, pH or solvent composition to change the chemical potentials of the helix 
and coil forms, and thus shift the equilibrium. For example, a metabolite may 
be produced at  sites where contractility takes place.  These small molecules HAROLD A. SCHERAGA  Contractility and Conformation  II 
may bind to the helical or coil forms, or simply change the properties of the 
medium. Whatever the mechanism, contractility (i.e.  a change in molecular 
conformation), because of the induced presence of additional components, can 
take place at constant temperature. Therefore, in order to demonstrate the 
generality of these phenomena, it is of interest to examine some model poly- 
amino acids for which the helix-coil transition is brought about,  not by a 
change of temperature, but by an isothermal change in pH or solvent com- 
position. 
Fig.  4  shows  two  examples  (10)  of such  transitions,  brought  about  by 
changes of pH. Again using [a]D to follow the helix-coil transition, we see that 
poly-L-glutamic acid  and poly-e-lysine can be reversibly transformed from 
helix to coil, and vice versa, by variation of the pH. At low pH, the carboxyl 
groups of poly-e-glutamic acid are uncharged, and the values of [a] D indicate 
that the polymer is in the a-helical form. But, in the narrow  range of pH in 
which the carboxyl groups ionize, charges accumulate on the helix, and the 
resulting electrostatic repulsions disrupt the helix, i.e.  lead to the conversion 
to a  random coil where the repulsion is reduced. Similarly, poly-e-lysine is 
a-helical at high pH,  where the e-amino groups are uncharged, and in the 
random coil  form at  low pH,  where the e-amino groups are charged;  the 
transition from helix to coil again occurs in a  narrow  range of pH. The sharp- 
ness of these curves is a reflection of the cooperative nature of the transition. 
Because these transitions are brought about by electrostatic effects, they can 
be influenced by the presence of neutral salts. 
Fig.  5 illustrates how changes in the solvent composition can bring about 
the  helix-coil transition for  the  two  nonpolar polymers poly-L-leucine and 
poly-L-alanine (1 1).  In this case, the Moffitt-Yang parameter, b0,  is used to 
follow the transition, a highly negative value of b0 indicating the presence of 
helix, and a value of b0 near zero indicating that the conformation is the ran- 
dom coil. When the concentration of chloroform is very high, these polymers 
are in the helical form. However, when the concentration of trifluoroacetic 
acid is high, they are in the coil form. We see that the transformation from 
helix to coil takes place over a relatively narrow range of solvent compositions. 
In summary, because of the cooperative nature of the helix-coil transition, 
the transformations of Figs.  3-5 take place over a narrow range of tempera- 
ture, pH, and solvent composition, respectively. Similarly, contractility in an 
axially oriented fiber comprised of such macromolecules would be observed 
over a  small range of variation of these same quantities,  as  illustrated,  for 
example, in Fig. 2 for collagen. 
In order to examine more closely the factors which influence the helix-coil 
equilibrium,  let us  consider the  features of the  polypeptide chain  (12),  as 
shown in Fig.  6.  The dashed lines encompass a  single amino acid residue, 
which is alanine in the illustration of Fig. 6. Recognizing that the peptide bond 12  CONTRACTILE  PROCESSES  IN  MACROMOLECULES 
has partial double bond character, we may assume that,  to a first approxima- 
tion, rotation about this bond is severely restricted, and that the amide group 
is in  the planar  trans  configuration  (13)  (0~  =  0°).  Each  amino  acid  residue 
thus has two single bonds, the N--C = and  C~--C t,  about which rotation can 
occur.  The  angles  of rotation  about  these  bonds  are  th  and  ~,  respectively. 
Because of the possibility of rotation about the two single bonds of each amino 
acid  residue,  the  polypeptide  chain  can  assume  an  enormous  number  of 
possible conformations, the totality of which (except for specific regular struc- 
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tures) constitutes the "random coil." In a proper treatment of the random coil, 
all conformations would not be assigned the same energy. 
Neglecting  the  variation  in  energy  among  the various  conformations,  we 
see that,  as a  result of the large number of conformations  available to it,  the 
random coil has a large conformational entropy. On the other hand,  the helix 
is  a  conformation  having  one  particular  set  of rotational  angles  4)  and 
(within small limits Aq~ and A~, respectively), and therefore has a low entropy. 
However,  it  has  a  lower  energy  than  the  random  coil  because  of specific 
interactions, e.g. the hydrogen bonds between CO and NH groups. Of course, 
the state of the system at any temperature is a  balance between these energy 
and entropy considerations. 
The  helix-coil  equilibrium  has  been  the  subject  of numerous  statistical 
mechanical  treatments.  For a  theoretical discussion of the problem,  there are HAROLD A. SCHERAGA  Contractility and Conformation  i3 
two fundamentally different questions to consider. First, we have the question 
of bookkeeping;  i.e.  we must properly count the number of conformations, 
each of a particular energy, and keep track of them. All of the theories of the 
helix-coil transition are addressed toward this counting problem. The second 
question concerns the numerical values  of the energies which are assigned to 
each conformation, the energy of a  given conformation being a  summation 
over all  the interaction energies of the parts  of the chain in  that  particular 
conformation. We will briefly consider some aspects of the bookkeeping prob- 
lem,  and  then  direct  our  attention  to  the  second  question,  that  of  the 
energetics. 
\,\\  ~i,t 
FIGURE 6.  Perspective  drawing of a 
section  of a polypeptlde chain repre- 
senting two peptide units. Figure re- 
printed by permission from  Biopolymers, 
1966, 4 : 121. 
Fig. 7 is a representation (14) of a portion of a polypeptide chain, which will 
help  to illustrate  the bookkeeping problem.  In order to form the hydrogen 
bonds of the a-helix, i.e. for the NH group of an ith residue to  be hydrogen- 
bonded to the CO group of the (i  q- 4)th residue, the rotational angles q~ and 
~b  of each  of the  intervening three  residues  [the  (i  +  1)th,  (i  +  2)th,  and 
(i  +  3)th]  must  be  those  which  are  characteristic  of  the  (right-handed) 
a-helix (i.e. q~  =  130 ° and ~b  =  124°).  If any  one of these six rotational angles 
has a different value, then the i --* (i  +  4) hydrogen bond cannot be formed, 
and the residue whose angles q~ and ~b are not those characteristic of the a-helix 
is said to be in a  coil, or c, state. If the rotations around these six bonds are 
frozen so that q~ and ~b have the values of the a-helix, the (i +  1)th,  (i +  2)th, 
and  (i  +  3)th residues are all said to be in helical, or h, states, and the i  --+ 
(i  +  4)  hydrogen bond  is  formed.  Another way  to  state  one  of the  main 
characteristics of the a-helix is to say that three successive residues must be in 
h states  (i.e. have the proper values of q~ and ~b) in order to form a  hydrogen 
bond.  Once a  hydrogen bond is formed, each additional hydrogen bond can 
be formed (i.e.  the helical sequence can grow) if each successive residue is in I4  CONTRACTILE  PROCESSES  IN  MACROMOLECULES 
an h  state  (see Fig.  7).  In general, if n successive residues are in h states,  then 
n  -  2  hydrogen bonds  can  be formed. 
It is easily seen that, for a  chain of N  residues, in which each residue can be 
in an h or c state  (a hydrogen bond forming only when three successive residues 
are in h  states),  there are 2  ~ possible combinations of h's and c's. Since N  is  a 
number  which can be of the order of 10 or  100, or even higher,  we see that 
an astronomically large number of conformations can exist.  Each conforma- 
tion  has  a  particular  energy,  and  one must  count up  all  the  conformations, 
keeping track of the energy assigned  to each. 
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II  I  I  II  I  I  II  I  I  II  I  I  II  I  I  II  I  I  II  I  I  II  I  I 
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FIGURE  7.  Diagrammatic  illustration  of hydrogen  bonds in  the a-helical conformation 
of a  polypeptide  molecule. The  amino  acid  residues are numbered  0,  1,  2,  -  •  •  to  •  •  • 
n  -  1, n, n  +  1 from the a-carboxyl to  the a-amino  portion. All possible hydrogen bonds 
are represented  as being intact.  There  are four unbonded  CO  groups at the a-carboxyl 
end and four unbonded  NH  groups at the a-amino  end. Figure reprinted by permission from 
Journal of the Physical Society of Japan,  1960,  15: 407. 
For the  moment, we will  assign  a  symbol,  u,  v,  or  w,  to describe  the  free 
energy corresponding to the state of each residue (15). These symbols represent 
statistical weights or conditional probabilities for the occurrence of the partic- 
ular  state.  We  assign  the  statistical  weight  u  to every c  state,  the  statistical 
weight v to an h  state without a  hydrogen bond,  and  the statistical weight w 
to an h state which is involved in a  hydrogen bond. A  particular conformation, 
together with  the assigned  statistical weights,  is represented  as follows: 
cchhcchh  h  h  hcccchh  hcc 
U  ll  V  P  ~l  U  V  W  W  W  V  U  U U  U  V  l.,t) V  ~  U 
It can be seen that  the number of w-factors in any run of h's  is equal  to the 
number  of hydrogen bonds  in  that  particular  sequence.  The  product of the HAROLD A. SCHERAGA  Contractility  and Conformation  I5 
conditional  probabilities  (u~v2u2v2w3u~v2wu  2  for  the  conformation  illustrated 
above)  represents  the  relative  probability  of occurrence  of that  particular 
conformation.  The statistical weight u is a  measure of the rotational  freedom 
about the single bonds of the residue in the random coil form (the conforma- 
tional  entropy).  The statistical  weight ¢;  (usually the reference state is  taken 
as  v  =  1)  measures  the  amount  of rotational  entropy  that  is lost when  the 
values of q~ and ~b are fixed at those characteristic  of an h state.  If, in addition 
to having the proper values of q~ and ~b, a residue in an h state has two neigh- 
bors which  are  also  in  h  states,  a  hydrogen  bond  can  be formed;  thus,  the 
statistical weight w, assigned to such an h state, measures not only the loss of 
entropy of rotation but also the energy of formation of the hydrogen bond. By 
convention, we assign the two v's of a  helical sequence to the residue at each 
end of the helical sequence, as shown in the above illustration. 
If one sums over all possible products of u,  v, and  w, corresponding  to all 
possible combinations of h's and c's in the chain of N  residues, one obtains the 
partition function Z. The formation of Z  and the evaluation of the sum is the 
heart of the bookkeeping problem, and the one to which much attention  has 
been devoted in the literature.  The various combinatorial  and matrix meth- 
ods, which have been applied  to this problem,  have recently been reviewed 
(16).  It is very important  to be able to evaluate the sum,  and  thereby obtain 
Z, because Z  contains in it all the thermodynamic  information.  For example, 
the Helmholtz free energy A is related  to Z  by the equation 
A  =  --kTlnZ  (I) 
where  k  is  the  Boltzmann  constant  and  T  is  the  absolute  temperature.  A 
quantity  of direct  interest  to us  is  0,  the  fraction  of hydrogen  bonds  in  the 
system,  the theoretical  0 vs.  T  curve being something  that  we can  compare 
with the experimental laiD vs.  7  or b0 vs.  T  curves (see Fig. 3). The equation 
for obtaining 0 from Z  is 
10lnZ 
0  -  (2) 
N  Olnw 
In  equation  2,  the temperature  dependence  of 0  arises  from the fact that  w 
(and,  therefore,  also Z)  is  temperature-dependent.  By proper  adjustment  of 
the values of u,  v, and w, one can match the theoretical 0 vs.  T  curves to ex- 
perimental ones, and thereby evaluate u, v, and w. This is the approach of the 
statistical mechanical theories, which focus attention on the counting methods, 
without an a  priori calculation of u,  v,  and w. 
Having  illustrated  the  counting  problem,  we  now  turn  to  the  second 
question, viz. an a priori consideration of the various energies of interaction in 
a  polypeptide chain.  A  knowledge of such interaction  energies should permit i6  CONTRACTILE  PROCESSES  IN  MACROMOLECULES 
us  to  calculate  the  energy of any particular  conformation of a  chain of N 
residues of any arbitrary amino acid sequence (17).  We can thus discuss the 
relative stabilities  of the various conformations of the chain.  For illustrative 
purposes, we will consider here only homopolymers, i.e. chains whose amino 
acids are all the same (18-20). 
The various kinds of interaction energies that  influence the conformation 
of a  polypeptide chain are listed below: 
1.  Torsional energies for internal rotation 
2.  Nonbonded interactions 
3.  Hydrogen bonds 
4.  Hydrophobic bonds 
5.  Charge and dipole interactions 
6.  Torsion about peptide bond 
7.  Bond angle bending and bond stretching 
8.  Effect of solvent 
Hard -Sphere 
Potentia  I 
r 
Lennard- Jones 
6-12  Potential 
FIGURE 8.  Schematic  draw- 
ing, comparing the hard-sphere 
and  Lennard-Jones  6--t2 po- 
tentials. 
Since there are two single bonds per amino acid residue, about which rotation 
can take place (see Fig. 6), and since these are not free rotations, we require a 
knowledge of the potential energy functions for rotations about these bonds; 
similar functions are required for rotation about the single bonds of the side 
chains. The nonbonded interactions are pairwise interactions  (usually in the 
form of Lennard-Jones 6-12 potential functions) between atoms of the chain 
which are not themselves connected to each other by covalent bonds (Fig. 8). 
In the specific case in which the interacting groups are hydrogen bond donors 
and  acceptors,  respectively,  a  hydrogen-bonding potential  function  is  used 
instead of the Lennard-Jones function. If the interacting groups are nonpolar, 
and if the solvent is water, the free energy of hydrophobic bond formation is 
substituted for the nonbonded interactions. A  Coulomb potential is used for 
the  interactions  between charged  groups;  for  uncharged  polar  groups,  the 
dipole is represented by a  monopole approximation for use in the Coulomb 
potential. The energy for torsion about the relatively rigid peptide bond and 
for bond  angle  bending and  bond  stretching  should  also  be  included  in  a 
general calculation; however, for the results to be discussed here, these factors HAROLD A. SCHERAGA  Contractility  and Conformation  i7 
were not taken into account; i.e.  the geometry of the polypeptide chain has 
been held  fixed.  Finally,  the  solvent  must be included, as a  solvation  free 
energy for the various parts of the chain. All of these energies have been esti- 
mated from considerations of the properties of small molecules, and are being 
refined by  using  them  to  "calculate" the  known crystal structures of small 
molecules (17-20). 
Assuming a  knowledge of these energies,  let us  consider the relative sta- 
bilities  of regular  (helical) conformations of serveral homopolyamino acids. 
If q~ and ~  (and also the angles of rotation X~ about the j  single bonds of the 
side chain) are the same in every residue, then the structure is a  regular, or 
helical,  one.  Such regularity is not dependent on the existence of hydrogen 
bonds. If ~ and ~ have the particular values 130 o and 124 °, respectively, then 
the structure is a  right-handed a-helix.  The question of interest here is  the 
relative stabilities  of all possible  helical  structures  that can be generated by 
allowing ~  and ~  to take on all values in the range of 0-360 °. 
We  shall  consider several different homopolyamino acids,  each of which 
has presented a  specific problem, which has been resolved in the calculations 
to be discussed.  More specifically, since helices can have  either a  right- or 
left-handed screw sense, we are interested in the factors which affect the screw 
sense. Also of interest is the relative stability of the a-helix compared to other 
possible helical structures. The calculation involves simply the evaluation of 
the energy of the helix at every value of the set of ~b, ~,  and XJ. The energy 
contributions taken into account are torsional,  nonbonded,  hydrogen-bond, 
and dipole interactions; the solvent has been included only in its effect  on the 
dielectric constant. 
The  simplest amino acid homopolymer is polyglycine.  In contrast to  the 
other polyamino acids to be discussed,  the calculated conformations cannot 
be compared with experiment,  because the calculations are carried out for 
isolated helices, whereas polyglycine, like collagen, forms a multiple-stranded 
structure. Fig. 9  shows the energy contour diagram for single-stranded poly- 
glycine. The symmetry of the diagram arises from the symmetry of the glycyl 
residue; i.e. the a-carbon is bonded to two hydrogens. The two lowest points 
on the diagram, each having the same energy because of the symmetry, are 
those at q~  =  130 °, ~  =  124 °, and at q~  =  228 °, ~  =  237 °, the right- and left- 
handed a-helices, respectively. Actually, a  common form of this  polymer is 
the multiple-stranded  polyglycine II, having a  conformation indicated by the 
symbol H  in Fig. 9. 
Fig.  10 shows the energy contour diagram for poly-L-alanine (20). The one 
for poly-D-alanine is the mirror image of Fig.  10. Because of the asymmetry at 
the a-carbon, the diagram no longer has the symmetry of that for polyglycine. 
The large amount of blank space on the diagram arises because the contours 
would be of such high energies that they were not computed; structures of 
such high energies would not be expected to exist. The high energies in these I8  CONTRACTILE  PROCESSES  IN  MACROMOLECULES 
conformations arise from the fact that atoms overlap,  and  the repulsions  are 
thus very strong, The two lowest points on the diagram are those for the right- 
and left-handed a-helices, respectively. However, because of the lack of sym- 
metry, they are not of equal energy, the right-handed helix being more stable 
360 
300 
240 
¢s~  180 
t20 
60 
,  \ 
0  180  240 
(N-C  a ) 
60  120  300  36@ 
FIaURE 9.  Energy contours for single-stranded polyglycine  helices.  The energy is  ex- 
pressed in kilocalorles per mole per residue.  The zero of the energy scale was assigned 
to the lowest-energy  contour on the diagram. The symbols R and L indicate the posi- 
tions of the Pauling-Corey standard right- and left-handed a-helices; B, that of the B- 
helix of myoglobin; to, that of the to-helix; 310, that of the 3a0-helix; and H, that of the 
polyglycine II structure. Figure reprinted by permission from  the Journal  of  Chemical Physics, 
1966,  45 : 2091. 
than  the  left-handed  one  (for  L-residues)  by  0.4  kcal/mole/residue.  For  a 
chain  of  10-20  residues,  this  energy difference is  enough  to  account for the 
experimental observation  that  the  stable form of poly-L-alanine is  the right- 
handed  a-helix. 
Fig.  11  is an energy contour diagram for poly-L-valine (20), which contains 
a  branched side chain. The energy at each value of ~  and ~b corresponds to the 
minimum  side-chain energy, obtained by rotation about the C ~  Co bond of HAROLD A. SCHERAOA  Contractility  and Conformation  I9 
the side chain. Again, the right- and left-handed a-helices are the two most 
stable forms, the right-handed one being more stable than the left-handed one 
by 0.5 kcal/mole/residue. The precise locations of the lowest points on the 
diagram are obtained by minimization of the energy with respect to @, ~b, and 
36O 
3OO 
240 
l~  180 
0 
9- 
120 
/  I  I  I 
,  N 
-2 
o  _ 
i 
I 
60  120  180  240  300 
~(N-C  (z) 
360 
Fzou~ 10.  Energy  contours for single-stranded poly-L-alanine helices. The energy is 
expressed in kilocalories  per mole per residue. The zero of the energy scale corresponds 
to pairs of atoms infinitely  far apart from each other, and at the minima of the rotational 
potential functions. The symbols R and L indicate the positions of the Panling-Corey 
right- and left-handed a-helices; the symbols/31 and 13~ designate the positions of the 
parallel and  antiparallel pleated sheet structures. Figure reprinted by permission from  the 
Journal of Chemical Physics, June  1,  1967. 
X1 in the region of each minimum. The relative orientation of the side chain 
and backbone, the latter being in the right-handed a-helical conformation, 
is shown in Fig.  12. 
Since previous reports  (21, 22) had indicated that poly-L-valine could not 
exist in the a-helical form,  these appeared,  at first sight,  to indicate a  dis- 
crepancy in the calculations. However, the earlier experiments were carried "70  CONTRACTILE  PROCESSES  IN  MACROMOLECULES 
out in  trifluoroacetic  acid,  a  helix-disrupting  solvent.  By incorporating  poly- 
L-valine  into  a  block copolymer,  between  two  portions  of poly-oL-lysine,  it 
was  possible  to solubilize  poly-L-valine in  other  solvents  (19).  In particular, 
360 
30C 
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(..) 
I 
18o 
120 
60 
I  I  I 
% 
,  ,  , 
0  60  120  180  240  300  360 
(N-C  0~1 
FIGURE 1  I.  Energy  contours  for  single-stranded poly-L-valine  helices.  The  energy  is 
expressed  in kilocalories  per mole per residue.  The zero of the energy scale corresponds 
to pairs of atoms infinitely far apart from each other, and at the minima of the rota- 
tional potential functions.  The energy at each value of 4~ and ~b is a  minimum value 
with respect to the angle of rotation, X1, around the Ca--C  t~ bond. The symbols R, L, 
/3a, and/~2 have the same meaning as in Fig.  10. Because of crowding, the  -9 kcal con- 
tours in the vicinity of R  and L could not be shown.  Figure reprinted by permission from 
the Journal of Chemical Physics, June  1, 1967. 
in 98% methanol, poly-L-valine appears to be a-helical  (19).  This is an exam- 
ple  of the  experimental  verification  of a  theoretical  prediction.  For  all  the 
other polyamino acids discussed here, the stable conformations were known in 
advance. However, the important point is that the calculations indicate which 
energy contributions  play the major role in determining  the particular stable 
conformation. HARox~ A. SCrmRAOA  Contractility and Conformation  2I 
Right-handed 
/ 
/.~,/f 
j,s 
.#,I 
.s  @- 
Fmua~  12.  Side-chain  and  back- 
bone  conformation  for  the  right- 
handed  a-helix  of  poly-L-valine  of 
minimum  energy.  Figure  reprinted 
by permission  from the  Journal  o/  Chem- 
ical  Physics, June 1, 1967. 
Turning next to poly-L-tyrosine,  the screw sense of the a-helix has not yet 
been  unambiguously  established  because  the  helically  arranged  side-chain 
tyrosyl chromophores make interpretation of optical rotatory dispersion data 
difficult.  Energy  calculations,  which  take  into  account  rotation  about  the 
side-chain C*---C0  and C~--C  •  bonds, indicate quite clearly that the a-helix 
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Right- handed  " "(~'--. 
i-t) 
/  t 
Fxox.waz 13.  Side-chain  and  backbone  conformations  for  the  left-  and  fight-handed 
a-helices  of  poly-L-tyrosine  of minimum  energy.  Figure reprinted by permission fi'om the 
Journal of Chemical Physics, June 1,  1967. "72  CONTRACTILE  PROCESSES  IN  MACROMOLECULES 
Left-handed 
J 
~(i-I) 
\ 
8"" 
Right-handed, 
""@ "'"""8 
,,,,I 
,,/ 
"~(i+l) 
~(i-l) 
\ 
(~1/'' 
FIOURE 14.  Side-chain  and  backbone  conformations  for  the  left-  and  right-handed 
a-helices of poly-/J-methyl-L-asparate  of minimum energy.  Figure reprinted by permission 
from the Journal of Chemical Physics, June 1,  1967. 
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FXOURE 15.  Side-chain  and  backbone  conformations  for  the  left-  and  right-handed 
a-helices of poly-~-methyl-L-glutamate of minimum energy.  Figure reprinted by permission 
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is right-handed (20). Fig.  13 shows the different orientations of the side chains 
for the right- and left-handed a-helical forms (20). 
Finally, consider the interesting pair of polyamino acids, poly-fl-methyl-g- 
aspartate  and  poly-3,-methyl-L-glutamate,  which  differ  only  by  the  extra 
methylene group in the side chain of the latter.  Up to now, no explanation 
has been provided for the observation that the a-helix is left-handed for the 
aspartate  polymer  but  right-handed  for  the  glutamate  one.  The  energy 
calculations (20) not only agree with the experimental observations, but also 
enable us to see the reason for the difference in screw sense. The side-chain 
ester group is polar,  and  the interaction of the ester dipole with the amide 
dipole of the backbone depends on the orientation of the side chain. These 
orientations differ for the aspartate and glutamate polymers, and are such as 
to favor left-handedness in the aspartate polymer and right-handedness in the 
glutamate one. Figs. 14 and 15 show the relative orientations of the side chains 
for both polymers in both the right- and left-handed a-helical forms (20). 
In all of the above examples, the condition of regularity (same ~b, ~b, and 
XJ in each residue) was imposed. Recently (17), we have carried out similar 
calculations for poly-L-alanine without imposing the regularity condition. The 
ultimate objective is to apply this method of calculation to the determination 
of the structure of a protein. Starting with a 20 residue chain of poly-L-alanine 
in the right-handed a-helical form, the structure achieved after energy mini- 
mization was a-helical except for irregularity at the ends; this is a reasonable 
result since the ends are different from the middle, and are subject to different 
energies of interaction. 
Before concluding, it is of interest to comment further on the role of solvent 
composition. In order to calculate the conformation of a protein, it is necessary 
to take into account the interaction of the various groups with the solvent (the 
solvation free energies).  For example, for a  protein in water,  the polar and 
nonpolar groups are solvated in a different manner and to a different extent, 
It would be very expensive, energywise, to strip the water off a  polar group 
and bury the latter in the nonpolar interior of the protein. Therefore, on the 
average,  polar  groups  would  tend  to  be  at  the  surface of the  molecule in 
contact with the solvent. Similarly, nonpolar gro, ps are not soluble in water; 
hence, on the average, it will be more favorable for the nonpolar groups  to 
accumulate in  the nonpolar  interior of the molecule.  Of course,  in  a  non- 
aqueous  solvent,  the  situation would be  different; hence,  the conformation 
would be different. The important point to realize is that it is the free energy of 
the total  system  (protein plus  solvent)  which must be minimized.  It is  thus 
erroneous  to  hypothesize  that  "the  amino  acid  sequence  determines  the 
conformation." A more reasonable hypothesis would be that "the amino acid 
sequence determines the conformation in  a  particular  solvent;  if the solvent is 24  CONTRACTILE  PROCESSES  IN  MACROMOLECULES 
changed, the conformation will change, and will be determined by the amino 
acid Sequence and by the properties of the new solvent." To bring the discus- 
sion back to the contractility problem,  the thermodynamics of contractility 
depend not only on the nature of the polymer but also on the nature of the 
solvent with which it is in contact. As we learn more about the factors affect- 
ing the conformation of the macromolecules of a fiber, in a  given solvent, we 
will obtain further insight into the contractility problem. 
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Discussion 
Dr.  R.  E.  Davies:  I  wish  to  question  Dr.  Scheraga's  statement  concerning  the 
relevance to muscle.  He said  at the beginning that in  going from a  helix to a  coil 
there is a  shortening. Now, this is true if the peptide is long enough, but not neces- 
sarily true in all cases. For instance, for compounds like polyglutamic acid, the random 
coil isn't longer than the helix if the peptide is short, and there are other conforma- 
tions,  such  as  the  fl-form, in  which  the  peptide  is  much longer  than  the  a-helix. 
Thus,  I  don't think that the rule, helix long, coil or any other conformation short, 
is necessarily so.  The reaons why the small peptides may be much more relevant is 
that the visible fibers, i.e. the thick and thin ones seen in the muscle, do not change 
in  length  during  muscle  contraction.  They do  not  undergo  a  helix-coil transition 
affecting the  over-all visible  assemblage  of macromolecules. This  has  been  shown 
very convincingly by Dr. Hugh Huxley and many others. Therefore, we come down 
to the problem of what happens  to small peptides in the myosin cross-bridges. An 
articulated  theory of muscle  contraction was  published  3  years ago  (Nature,  1963, 
199:1068) in which the reverse process, that is the change from the partially coiling, 
partially/3, conformation to the helix in a small peptide of 50 units, is the fundamental 
mechanism which results in tension development and shortening in muscles.  Thus, 
whereas I  believe that the work that Dr.  Scheraga has presented is going to be ab- 
solutely fundamental in interpreting what really goes on when we know the precise 
structure of myosin, and, in particular, the head of the H-meromyosin, I  think that 
the relevance is the opposite of the one he has suggested.  Contraction occurs when 
the helix is made rather than when the coil is made. 
Dr.  Scheraga:  You missed  one of the main points  of my talk.  I  was  not  trying to 
argue that muscle contraction is a helix-coil transition or that every contractile process 
is a  helix-coil transition.  Instead of discussing muscle, I  was talking about a  general 
principle involved in contractility. The point I  tried to make is that any change in 
molecular conformation can lead to contractility in a  fiber (irrespective of whether 
the fiber is protein, nucleic acid, racked rubber, etc.), as long as there is some degree 
of axially oriented crystallinity. I  used the helix-coil transition simply as one of many 
possible illustrations  of conformational change.  We all know that  a  transformation 
from a  fl-form to  an  a-helix will  also lead  to contraction. Therefore, the point  to 
emphasize'is that contractility can accompany a change in conformation. Obviously, 
the exact nature of the crystalline phase will vary from system to system. 
As  for my statement  that  shrinkage  accompanies  the  transformation  from pref- 
erentially oriented a-helices to random coils, I  had in mind a  chain that was long 
enough for its random coil dimensions to be those characteristic of the Gaussian ap- 
proximation; i.e.  I  did have long chains  in mind.  However, even for long chains, 
the  transformation from a  fl-form to  an  a-helix can lead  to  a  shortening; i.e.  low 
molecular weight, per se, is not a  requirement in order that a/3 --o a  transformation 
lead to shortening. An additional point relevant to the/3 --~ a  transformation is that 
the  calculations  I  described  (e.g.  for the  helix-coil transition  and  for the  relative 
stabilities of various helical structures) were carried out for single chains. On the other ",6  CONTRACTILE  PROCESSES  IN  MACROMOLECULES 
hand,  E-structures involve multiple-chain aggregates. We are,  at present,  extending 
our calculations to include  aggregating systems such as 0-structures,  polyglycine II, 
collagen, etc. 
Dr.  Mandelkern:  I  would like, without  specific concern at this  time for muscle or 
muscular  contraction,  to  discuss  the  dimensional  changes  that  might  be  expected 
for  an  isolated  macromoleeule  going  from  an  ordered  to  a  disordered  state.  It  is 
quite clear, both from Dr. Scheraga's paper and from the large literature on the sub- 
ject,  that  in  the ordered state a  linear molecular dimension will  be proportional  to 
the number of repeating units n, while in the disordered state it will be proportional 
to the square root of n. When n is large the differences in the two dimensions will be 
extraordinarily large. However, when n is small, of the order of 100 or so, it becomes 
quite crucial to know what the exact proportionality factors are in order to know the 
differences in dimensions to be expected. In addition, for polypeptide fibers immersed 
in a liquid medium, one must also be concerned with the swelling, which will be much 
greater in  the  disordered  state.  For low molecular weights,  this effect can  alter the 
dimensional changes expected. 
Dr. Scheraga: Exactly ! 
Dr. Pringle: I don't propose to enter into the discussion as to whether this is relevant 
or irrelevant to muscle contraction. That's for later.  I wanted to ask a question about 
the possibilities of this sort of calculation, whether this type of theoretical treatment 
is likely to produce information, not merely about the length change, but about the 
change of elastic properties of the polymer structure.  That is, can these calculations 
hope to give us information, not only about the change of length that happens at a 
certain transition,  but about the actual mechanical properties of the polymer under 
any given constant conditions? 
Dr. Scheraga: Yes. In fact, several people have made such calculations. For example, 
Brant  and  Flory have calculated  the random  coil dimensions from a  consideration 
of the  energetics  of the  polypeptide  chain.  These  calculations  form the  basis for  a 
treatment of the elastic properties of the polymer. 
Dr.  Rebhun:  Being a  rather ignorant  physical chemist,  I  would  like to ask a  pro- 
cedural question. When you put down your original sequence of c's and h's and then 
put weights underneath  them,  you say that  these weights are evaluated from small 
molecule interactions.  It would  seem that any conformational change  you make in 
the polypeptide will affect these u's,  v's, and w's to some extent,  be it little or great. 
It seems to me that you would have to somehow provide for modification of the u's, v's, 
and w's as the total conformation changes since, unless neighboring residues change 
in  spatial  relation,  the  problem  seems  vacuous.  In  other  words,  you  can't  really 
make replacements of your u's and v's in a  context in a  free manner.  Is that correct, 
or not? 
Dr. Scheraga: The assumption one makes in calculations of the type I  described is 
that  all the  interactions which  occur in  a  protein  are of the  same type that would 
occur under  similar circumstances in  small molecules.  For example,  an  interaction 
between two nonbonded hydrogens in, say, butane is assumed to be the same as this 
interaction,  say,  between  the  hydrogens  of  two  side-chain  methyl  groups  of  two 
alanyl residues.  As  another  example, the  dependence  of the NH...  OC  hydrogen HAROLD A. SCHERAGA  Contractility and Conformation  27 
bond energy on distance and orientation is assumed to be the same in a  protein and 
in  low  molecular  weight  model  compounds.  Accepting  these  assumptions,  which 
seem reasonable, the energy of a given conformation can he calculated as a  sum over 
all  possible  pair  interactions.  If you change  the conformation, you recalculate the 
energy in a  similar manner. This is what is done when the stabilities of various con- 
formations are calculated. 
When a  general statistical weight, c, is assigned to the random coil (for purposes 
of treating the bookkeeping problem), this is indeed an oversimplification. Various 
random coil conformations have different energies; these energy differences are usu- 
ally ignored (although it is possible to take them into account) in assigning a  general 
statistical weight, c, to the random coil. 
Dr.  Leonard Ornstein: Could you expound a  little on "random" coils, that is,  for 
example, in the case of polyglutamic acid at high pH? Obviously, the coiled form, 
where the negative charges are trying to get as far away as possible from one another, 
is  not completely random,  and  so lots of the  things  you're referring to  as random 
coils are not really random. 
Dr. Scheraga: Let me answer by saying first what is a  a-helix and what is not a- 
helix.  On the conformational 4~-~b diagram,  everything that is not a-helix is taken as 
the "random coil" as far as assigning the general statistical  weight c is concerned. 
The residues of a right-handed a-helix have q~ and ~b values of about 130 ° and  124 °, 
respectively, within some small limits A4~ and  A~/,. If the values 4~ and ~b for a partic- 
ular residue do not both lie in  this small range,  the residue is assigned to the coil 
region. Thus, the "random coil" is taken as the totality of all non-a-helical conforma- 
tions, in the theories of the helix-coil transition. As I said in my answer to Dr. Rebhun, 
this  is  an  oversimplification, since  the  energy is  not uniform over the  coil region, 
as rve just defined it. However, one could weight the various parts of the coil region 
properly, according to the energy at each value of 4~ and ~b. 
Certainly,  it  is  possible  that  charges  on  a  polyglutamic  acid  chain  may give  a 
preference for some structures over others. Thus, the electrostatic energy might lead 
to a  preponderance of extended structures; i.e.  the contribution of the electrostatic 
energy would weight the extended structures more heavily than others. In conforma- 
tional calculations,  these weighting factors have been taken into account.  In simple 
helix-coil transition  theories,  they have not yet  been;  i.e.  all  nonhelical  states  are 
lumped together and assigned the general  statistical  weight c. 